Abstract : Windows are a signifi cant component in sustainable buildings in both the impacts caused by their material life cycles and by their infl uence on the performance of a building over its service life. Life cycle assessment (LCA) studies have compared the impacts of different framing materials with mixed results. LCA has also been used to estimate the environmental payback of higher manufacturing impacts from producing better performing windows. Future sustainable window selection should make use of standardized LCA data for windows and utilize advanced technologies to optimize window performance.
Introduction
Window selection is one of the most important decisions one must make in the design and specifi cation of a sustainable building. Windows, which typically account for 10-25% of a building ' s exposed surface (Recio et al ., 2005 ) , provide the unique function of light transmission from the outside environment into the interior space. Windows account for much of a building ' s character and are considered critical to the livability of homes and productivity of commercial and institutional building occupants.
Light and heat transmission through windows also signifi cantly change the thermal properties of a building. The addition of natural light has the ability to reduce supplemental heating and light requirements but also causes increased cooling requirements in summer months. Windows typically provide less insulation (reported as conductivity U-factors for windows which has an inverse relationship to the R-value) than the rest of the building envelope which causes additional heat loss in winter and heat gain in summer. For these reasons, window orientation and material selection is often a key part of conceptual design that seeks to minimize the operational energy use.
In addition to the noted performance characteristics of windows, the selection of the materials also causes signifi cant upstream impacts in the material sourcing, manufacturing, and delivery of the product. Additionally, DOI : 10.1533/9780857097729.3.502 the choice of materials also has a strong infl uence on the longevity of the window ' s service life and its fate at the end of this service life. The material impacts are accentuated in the case of windows because they are typically high-value products that are subject to greater engineering and manufacturing than other building materials which leads to disproportionate impacts relative to their mass and square footage.
The interdependence of the impacts caused by windows in the various stages of their life cycle makes them a perfect candidate for life cycle assessment (LCA). LCA is a structured accounting method for considering the impacts of products to preclude burden shifting between the various life stages. Because sustainable window selection must consider the entire life cycle of the product to be effective, this chapter will draw heavily on the various LCA studies of window materials.
Modern window construction

Anatomy of a modern window
Modern windows are complex products that have evolved to provide the greatest possible energy performance over their service life. The most signifi cant element in a modern window is the use of insulated glazing units (IGU), which are multiple panes of glass separated by spacer bar to create a gas fi lled void. This spacing increases the insulation properties of the windows beyond what is possible with a single pane. The glass panes may also receive a low-E coating which fi lters low-frequency radiation to further increase the insulation properties. In the case of operable windows, those that open, the glazing is mounted inside a sash which serves as a frame within a frame. In fi xed windows, the glazing unit is mounted directly to the frame.
The following lists the components of a modern window and their function:
• F rame and sash: The frame and sash provide the structural integrity of the window by supporting the glazing unit(s).
• D ouble (triple) glazing: Two and sometimes three glass panes are used to create a gap between surfaces exposed to external temperatures and those contacting climate controlled environments.
• L ow-E coating: Glass surfaces are available with low-E coatings that allow high frequency sunlight to permeate, but trap lower frequency radiant heat. There are two types of low-E coatings available: 'hard-coat' and 'sputter-coat'. Hard-coat glass is manufactured by applying molten tin to the glass surface as the glass sheets are being manufactured. Sputter-coat glass uses vacuum deposition to apply a thin metallic (often silver) coating to the glass surface as an additional manufacturing step.
• G as fi ll: Air or inert gases such as argon, xenon, and krypton provide a layer of insulation between the multiple glass panes. Argon-fi lled units are more common in residential applications, while air-fi lled units are more prevalent in commercial windows.
• S pacer bar: Spacer bars are used to separate multiple panes in insulated glazing units. Spacers have typically been manufactured as a perforated aluminum rectangular tube with desiccant held inside to reduce condensation. Hard foam, plastic, and steel are also commonly used. • W eatherstrip: Rigid and fl exible polymers are used to create a weatherproof seal between the fi xed frame and operable sash.
Window types
Several window types are available to the window consumer and include both fi xed (those that may not be opened) and operable (those in which the IGU is mounted to a sash which moves relative to the frame so that the window may be opened). The most common window types include the following.
• F ixed: The most basic type of window is the fi xed (also called 'picture') window. This type consists of a singular frame around a transparent glazing unit that remains in one position and cannot be opened.
• A wning/casement: The awning/casement window swings open on either the horizontal axis (awning) or vertical axis (casement). These types of windows include an external frame, an internal sash that moves with the IGU, and a hardware kit that includes a crank, extension mechanism, stop locks and hinges. This type of window also requires rubber weatherstrip to prevent weather permeation between the frame and sash.
• D ouble hung/sliding/single hung: A second type of operable window is called double hung (also called sliding when horizontally oriented) and contains two sashes within a frame; both sashes (or only one, in windows called 'single hung') move within the frame to slide over the other, such that half of the window may be opened without the sash extending into or out of the building. The double hung window differs from the casement in both hardware and frame, which must be deeper to accommodate the stacked sashes. • C urtainwall: This type of fi xed window is typical in commercial construction and consists of a mullion system that extends from fl oor to ceiling containing a glazing unit spandrel panel. The structural requirements and application limit the materials that may be used for the mullion and the type of glazing that is installed. This type of window/ glazing is typically fabricated on site.
The market share of each window type in residential applications is shown in Fig. 21 .1 . Double-hung, single-hung, and slider windows make up 72% of all residential windows sold in 2005.
Insulated glazing unit
Insulated glazing units, as noted in the previous section, comprise two or more glass panes that are separated by a spacer that runs along their perimeter to create a gas-fi lled cavity. The entire unit is sealed with various compounds specifi c to the spacer bar type; the most common system is an aluminum spacer sealed with a dual-compound system (polyisobutylene and silicon). The glazing units are then set into the window frame (into the sash in operable windows) and locked into place with an additional frame piece called a glazing stop. Double-glazed IGUs have signifi cantly improved performance over traditional single pane windows to the point that nearly all windows currently manufactured are double glazed (see Fig. 21 .2 ). The natural extension of this trend was the creation of triple-and quadruple-glazed units that have an additional insulation break between the interior and exterior surfaces. Triple-and quadruple-glazed windows are rarer as the additional glass is subject to diminishing performance returns and increases the weight and subsequent framing required.
Frame type
Different materials are used for window frames based on the preference given to their inherent characteristics in that application. While cost is a driving issue in both residential and commercial construction, the value 21.1 Market share of different window types used in North American residences (Ducker, 2006 given to aesthetics, ease and lack of maintenance, and thermal performance varies amongst purchasers.
Primary material
Traditionally, wood has been used as the primary material for window frames used in residential construction with metals dominating commercial applications. The advent of vinyl frames that typically cost less to manufacture and require less maintenance has led to their dominance in the residential marketplace. Figure 21 .3 shows the relative market share of various frame types in the residential sector. 
Cladding
Protective cladding is employed on more than 90% of all wood window frames. Aluminum and vinyl are the most popular cladding materials, accounting for 57% and 36%, respectively. Figure 21 .4 illustrates the relative market share of different cladding types used on wood windows.
The life cycle of a window
The life cycle of a window is similar to the life cycle of any building product. The life cycle begins with the extraction of raw materials from the natural environment. The source of these raw resources refl ects the materials with which the window is manufactured. Resource extraction causes impacts to local ecosystems, depletes stocks of non-renewable resources, requires energy, and causes waste. The nature and quantity of these impacts include those associated with mining ore for metal production, oil and natural gas extraction required for plastics, logging for wood used in frames, and the quarrying of silica sand to manufacture glass. After extraction, the raw materials are then shipped to large-scale manufacturing facilities where they are converted to standardized inputs for use in window manufacturing or one of any number of other products. Logs are milled into rough lumber; natural gas is 'cracked' to produce ethylene and then combined with chlorine (which is the product of sodium chloride electrolysis) to produce PVCu, referred to as 'vinyl'; iron ore and bauxite are smelted to produce steel and aluminum; and silica is melted in furnaces to produce fl oat glass. No cladding: 7% Eco-effi cient construction and building materials
The basic commodities are then shipped to window manufacturers where they are extruded, milled, cut, bent, and fastened to produce the various components used in modern windows. These manufacturers may specialize in producing just the frames, glazing units, or hardware. They may simply fabricate a fi nished window with purchased components, or the manufacturers may be vertically integrated and manufacture most of the components in-house in addition to producing a fi nished window ready for installation.
After secondary manufacturing, the window is shipped to the installation site where it is installed in the structure. Careful installation is critical to the longevity and performance of a window over time. Similarly important is the ongoing maintenance (e.g., caulking) that is required to ensure the integrity of the air and water barrier around the window. Eventually, either due to failure of the window, demolition of the building, or the availability of better performing windows, the windows reach the end of their service life. At this point it is common for windows to be 'down-cycled' for use in greenhouses or buildings with lower performance requirements. The most common treatment for windows, however, is to send them to landfi ll, as recycling of the various components is hindered by the relatively low volumes of recycled material present in windows, with the potential exception of the metal portions. Figure 21 .5 shows the life cycle of a window and its related product system.
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The life cycle of a window (Salazar and Sowlati, 2008b 
Previous window life cycle assessment (LCA) studies
A literature review of window LCA studies (Salazar and Sowlati, 2008b ) found that window LCA research has been completed on a case study basis to answer two primary questions:
• What window frame material has the lowest manufacturing impacts?
• What is the incremental environmental payback associated with additional window manufacturing inputs relative to their long-term performance and energy savings?
The fi rst type of window LCA studies, those that consider the impacts of the window frame materials in isolation, narrows the scope for one of two reasons. First, the studies may be conducted to simply increase the available literature on the embodied impacts of various building products. The results of these studies may be used as a component to calculate whole building embodied impacts. These whole building material studies may or may not be subjected to energy simulation to consider the trade-offs of specifying different materials in the various applications. Second, the use-phase may be excluded in window LCA studies when the various windows are assumed to have similar performance. This rationale is similar to the exclusion of common elements in many LCA studies. Since windows are complex products constructed of numerous materials, the studies are often streamlined for the sake of feasibility to highlight the relative differences between various window types. This streamlining, however, limits the ability of the various LCA studies to estimate the overall scale of impacts attributable to window selection. Additionally, window LCA studies that focus on the energy performance also typically limit the impact assessment portion to fossil energy consumption and greenhouse gas emissions and provide no information as to environmental or human health impacts commonly calculated in LCA.
Since the publication of the aforementioned literature review on windows in 2008, several window LCA studies have been published and these have been added to the literature review presented here. Table 21 .1 lists the scope of the various LCAs that have been conducted on windows and glazing systems and the various life stages considered in each study. Asif et al . (2002) conducted one of the fi rst comprehensive LCA studies of window frame materials. In their study they compared the embodied impacts of aluminum, wood, vinyl, and aluminum-clad wood window frames. This study also estimated the service life of the various frame types by © Woodhead Publishing Limited, 2014 conducting accelerated aging tests and a survey of industry experts so that the embodied effects could be normalized against the number of times a given window would be replaced. In Asif et al . ' s study, wood window frames were found to require the least energy to manufacture (995 MJ) but had the second shortest estimated service life (40 years). The service life of wood windows was improved with the addition of protective aluminum cladding, increasing the service life to 47 years, which was the longest of any of the windows considered in the study. This increased the embodied impacts to 1,460 MJ, an increase of roughly 50% to give the window an additional 10% service life. The aluminum window required the most energy to manufacture, 6,000 MJ, or 6 times that of the wood window, and was unaffected in all accelerated aging tests (service life 44 years). The use of recycled aluminum reduced energy consumption by greater than 90%, which was the lowest of any of the windows that were considered. The vinyl windows had roughly the same normalized impact as the virgin aluminum windows with a relatively high embodied energy (2,980 MJ) and a signifi cantly shorter service life than all of the other window types (24 years).
Comparative LCA of window frame materials
A more recent study (Salazar and Sowlati, 2008a ) of windows also considered various frame materials. In this study, the cradle-to-grave impacts of aluminum clad wood windows were compared to fi berglass and steelreinforced vinyl windows. Energy performance during use was excluded as it was assumed to be similar amongst the three types. The LCA included the entire window systems (including the hardware and IGU) and found embodied impacts to be generally similar with no one window having the lowest impacts in the 15 impact categories that were considered. In terms of global warming potential, the aluminum clad wood window was lowest (341 kg CO 2 eq) with fi berglass second (357 kg CO 2 eq) and vinyl third (456 kg CO 2 eq). These results included the normalization for service life (25 years for Al-clad wood and fi berglass and 18 years for vinyl), which when removed from consideration, the vinyl window was nearly identical to the impacts of the aluminum clad wood window. Blom et al . (2010) compared softwood (spruce), hardwood (azobe), and vinyl windows with the purpose of comparing the frame materials and various maintenance regimes. They found that the wood window performed best over the life cycle when efforts were made to maximize the service life of the materials and that the wood window had less impacts than the PVC. Minimizing solvent use in window paint was found to cause little improvement in terms of overall results.
Sinha and Kutnar (2012) developed a carbon footprint of wood, PVC, and aluminum frame windows that considered both the embodied impacts of the materials and the thermal transmission of the materials that comprise each window type. Their study found that the wood window frame had the smallest embodied carbon footprint (130 kg CO 2 eq) and the best thermal properties. In contrast, the aluminum window had the highest embodied carbon footprint (486 kg CO 2 eq) and had the highest U-value of the three window types. The study did not combine the embodied carbon footprint with energy simulation results to produce an overall cradle-to-grave carbon footprint as did several of the studies detailed in the following section.
Justifi cation of energy payback
The fi rst LCA to consider the embodied impacts of insulated glazing units and the various gases that may be used between glass panes was conducted by Weir and Muneer (1998) . Their study considered the cradle-to-grave embodied impacts of an aluminum clad wood window and specifi cally studied argon, xenon, and krypton gases. They found that while the use of xenon and krypton gas signifi cantly changed the embodied impacts of the windows, the use of argon was miniscule compared to the rest of the materials (0.1 MJ for the argon compared to 1,030 MJ for the window). While no energy simulation was conducted, the addition of the argon gas fi ll decreased the U-factor of the window from 1.6 to 1.4 which would easily offset the increased impacts. Weir and Muneer (1998) also noted that wood window frames sequestered more than 10 times the carbon dioxide equivalents as are emitted in the various extraction and manufacturing processes (250 kg CO 2 eq compared to 22 kg CO 2 eq). Recio et al . (2005) highlighted the signifi cance of the use phase in their study of vinyl, wood, and aluminum single-and double-glazed windows that included energy simulation. Aluminum windows were found to have the highest manufacturing impacts and use phase energy loss. The study assumed a slightly lower R-value (higher U-factor) for wood windows compared to vinyl windows, which outweighed the manufacturing benefi ts of wood over vinyl. The payback period for the higher manufacturing impacts of vinyl compared to wood was roughly 19 years. In all cases, the double-glazed windows far out-performed their single-glazed counterparts.
The benefi ts of advanced glazing systems were further highlighted in a study by Kiani et al . (2004) that isolated this element in their study of curtainwall systems. Their study included thermal simulations of a commercial building in London and found that the increased energy required to manufacture refl ective glass compared to tinted glass was far outweighed by the energy improvements of the refl ective glass. The study found that the environmental payback period for the refl ective glass was roughly 3 years.
The potential benefi ts of increasing the performance of glazing systems were taken one step further by Syrrakou et al . (2005) in which they studied the effects of an electrochromic device, a technology that uses a lowvoltage switch to tint the glazing unit and thus vary light transmission characteristics. Their fi ndings, that the environmental payback period was less than 2 years and that the unit saved more than 33 times the manufacturing energy, provide a good indication as to the power of LCA to further the push for advanced window technologies in the face of ever-increasing life cycle thinking in building design.
Mitigating life cycle impacts
One recent study, Tarantini et al . (2011) completed an LCA of a wood frame window with the purpose of informing green procurement public policy in Italy. Their study went beyond quantifying environmental impacts to provide a structured framework for mitigating impacts throughout the life cycle. Tarantini et al . (2011) also recognize the environmental impacts that are caused in each life stage. Table 21 .2 , which was originally published in Tarantini et al . (2011) , presents these elements in addition to the pertinent legislation and technical references and thus serves as a framework for similar initiatives in other jurisdictions.
Findings in the literature
The window LCA studies that have been completed to date have been largely consistent in their fi ndings. The window frame comparisons generally show wood to be of lower embodied impact than vinyl or aluminum (Asif et al ., 2002 ; Salazar and Sowlati, 2008a ; Blom et al ., 2010 ; Sinha and Kutnar, 2012 ) , but that vinyl outperforms wood over the life cycle (Recio et al ., 2005 ) . The benefi ts of wood windows are hindered somewhat by the requirement of protective cladding to achieve the service life of materials like fi berglass and aluminum (Asif et al ., 2002 ; Salazar and Sowlati, 2008a ) . Vinyl windows have been shown to fall between aluminum and wood in terms of embodied impacts, but with the shortest expected service lives (Asif et al ., 2002 ) . The LCA studies that include manufacturing and energy performance consistently show the performance benefi ts outweighing any additional manufacturing requirements (Weir and Muneer, 1998 ; Kiani et al ., 2004 ; Syrrakou et al ., 2005 ; Recio et al ., 2005 ) . The greatest potential benefi t is realized when an LCA is used to recognize environmental hotspots in the life cycle and is used to provide a structured framework for guiding policy to mitigate impacts (Tarantini et al ., 2011 ) .
The infl uence of timing on the results of window LCA
The window LCA studies that have been conducted previously have excluded one key issue that has potentially signifi cant impacts on the results in nearly every study. These studies uniformly ignore the infl uence of the timing of impacts and the difference between impacts that occur in the short term (e.g., manufacturing impacts) with those that occur sometime in the future (e.g., energy use during building occupancy). Impacts that occur in the future are subject to greater uncertainty as to the representativeness of LCI data and may be valued differently by stakeholders based on subjective perspectives. The concept of discounting future costs to estimate the 'net present value' is common in life cycle costing which closely mirrors LCA.
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Since there is no universally accepted discount rate for any of the various environmental impacts considered in LCA, impacts that occur many years in the future are typically accounted identically to those that happen in the near term. Again, this is an issue that applies to all building LCA studies and is not unique to windows, but it is especially critical to properly weighing future energy savings against manufacturing impacts that is common with window LCA studies. Timing also has signifi cant infl uence on the results for recycled and recyclable materials like steel aluminum as well as wood that sequesters biogenic carbon.
Energy payback estimation
Many of the studies considered in the previous section sought to directly calculate the energy payback period of windows that have higher manufacturing impacts. These studies apply assumptions as to the energy requirements of buildings based on energy simulation modeling. These simulations model annual seasonal energy use which is then extrapolated to each of the years that a building is estimated to be in service. In this way, the annual savings of one window system over another may be subtracted from the difference in manufacturing impacts to estimate the true life cycle difference.
The extrapolation of energy simulation results over the service life of the building implicitly assumes that no changes are made to the mechanical equipment, heating, ventilation and air conditioning (HVAC) systems for example, or to the thermal properties of the building envelope. Additionally, the environmental impacts of the energy savings are estimated based on the current state of the energy mix and delivery effi ciencies as estimated by available LCI databases. This may be a fair approximation over the fi rst several years that a building is in operation, but the representativeness of these assumptions becomes less and less certain the further into the future that one attempts to extend the analysis. As windows have service lives typically estimated in the range of 20 to 50 years, and the buildings in which they are installed are often modeled between 60 and 100 years and include multiple window replacements, the energy savings and impacts attributable to a particular window type can become quite uncertain. The window manufacturing impacts themselves are also subject to uncertainty over time in such studies that include multiple window replacements. One must only look 20 to 100 years in the past to consider the degree to which environmental impacts may change over the life cycle of a window or building.
The uncertainty of future building energy use and impacts is not to the degree that it negates the assumptions of the studies presented in the previous section that showed very short payback periods for windows that achieve signifi cantly greater performance. For example, Weir and Muneer (1998) found negligible manufacturing impact increases for argon compared to a conductivity reduction of roughly 13%. Kiani et al . (2004) and Syrrakou et al . (2005) found payback periods for refl ective glass and electrochromic devices of 2 and 3 years, respectively. On the other hand, in studies in which only slight use phase benefi t is realized, comparing vinyl and wood frames in Recio et al . (2005) for example, the payback period may be of suffi cient length that the results carry signifi cant uncertainty. This will also likely be the case in future studies that consider window performance in buildings with already low overall use phase impacts (e.g., those that operate largely on renewable energy), which is commonly the case for buildings seeking various green building certifi cations.
Another important consideration in estimating environmental payback over time is the idea of a discount that some stakeholders should apply to future impacts relative to those that occur in the short term. For example, many leading climate change scholars (IPCC, 2007 , Section 2.2.3) believe that the next several years are critical to prevent reaching greenhouse gas concentrations that will be irreversible or extremely costly to adapt to; this is commonly referred to as a 'tipping point'. It should be noted that any reasonable discount rate would not completely eliminate future savings from net present impact value estimations (1% per year is a commonly applied GHG discount rate). Even so, one should always strive to reduce environmental impacts as they occur and not ignore the irreversibility that occurs when critical thresholds are reached.
Recycling
Many of the materials present in windows either contain recycled materials, may be recycled at the end of their service life, or both. A generally accepted method of accounting for this recycling is the use of 'system expansion' in which the net benefi ts of using recycled material relative to virgin materials are credited to the product system. In the case of wood, plastics, and fl oat glass, this crediting is less critical because these materials generate relatively low manufacturing impacts, are not cost effective to recycle, and are subsequently recycled very little. While container glass is frequently recycled, post-consumer fl oat glass is rarely recycled because it is considered a contaminant to glass container production. Metals, however, cause relatively high environmental impacts in manufacturing, retain all of their properties when recycled, are cost effective to recycle, and are thus recycled in signifi cant quantities. This is particularly the case for aluminum, which is very energy intensive to smelt from raw bauxite, while recycled aluminum consumes roughly 10% of the energy of virgin sourced material (Asif et al ., 2002 ) . If one were to credit an aluminum window with the benefi ts of recycling over virgin production, the logic being that the presence of recyclable scrap substitutes for virgin production that would have otherwise occurred, then the impacts of this window type would be reduced signifi cantly.
The credit granted for future recycling is subject to many of the same uncertainty and discounting questions raised in the previous section. While LCI data sets reasonably estimate current aluminum production and the energy mixes that power this production, the further one projects into the future the less certain the results become. Similar to the caution that must be extended in sacrifi cing current impacts for future savings in terms of energy performance, one must also consider the uncertainty of modeling future metals production and the various perspectives of stakeholders that may discount future impact savings relative to those in the short term.
Carbon sequestration
Durable wood products such as window frames are often granted a greenhouse gas credit for their storage of carbon. The credit is granted for wood ' s growth that consumes carbon dioxide from the atmosphere which is accounted as a negative emission. The extraction of wood during logging means that the carbon stored in durable products is sheltered from natural disturbances such as fi re and insects. The logging also 'resets' the natural growth cycle in the forest to one in which young trees consume additional carbon during growth while an unlogged forest would have otherwise reached maturity and consumed no additional carbon. For these two reasons, a sequestration credit is often granted to the wood product that cancels some or all of the fossil-based greenhouse emissions during the rest of the life cycle. This was noted in Weir and Muneer (1998) in which the wood frame sequestered more than 10 times the carbon emitted in its manufacturing.
Wood also partially decays in landfi lls for many years after the service life and should be accounted as an emission against the sequestration credit. The LCA practitioner must assign a time cut-off for the modeling of this decay or estimate the eventual permanent sequestration by extending the time boundary of the assessment indefi nitely. Carbon sequestration as a product of forest growth and long-term decay takes many years to occur and is thus subject to the same uncertainties and discounting as energy consumption during a building ' s use and recycling that occurs at the end of the service life.
Use of advanced technology
Two technological advances in windows have the potential to dramatically improve the impacts of windows in the context of whole building performance. These are the optimization of window selection in overall building design and the use of electrochromic devices.
Integration of window specifi cation in building design
The integration of window specifi cation in building design seeks to optimize the performance of windows in terms of their impacts in buildings. A recent work by Su and Zhang (2010) conducted simulation studies to determine the optimum window-to-wall ratio in terms of energy use. They found that for north-facing orientations, the window wall ratio (WWR) should be minimized while in south-facing orientation an upper bound of 0.5 would be optimal. The study confi rms conventional wisdom about optimal window orientation, but does provide a scientifi cally valid confi rmation of these assumptions and demonstrates the ability of energy simulation to actually optimize window performance. A more recent study by Ihm et al . (2012) integrated life cycle costing data with energy simulation for six different glazing types. They found that high performance glazed windows can be a net contributor to the overall performance of a building in mild climates. The study concludes with recommendations to Korean building codes that in energy-intensive climates and for larger windows double-glazed low-E windows be required.
Electrochromic and thermochromic coatings
It was noted previously that Kiani et al . (2004) and Syrrakou et al . (2005) found payback periods for refl ective glass and electrochromic devices of 2 and 3 years, respectively. Several more recent studies have been conducted that further the potential of electrochromic windows in terms of LCA. Papaefthimiou et al . (2009) use electrochromic windows as a case study to propose alternative rating systems for windows that incorporate concepts of eco-effi ciency as determined in LCA. Ye et al . (2012) and Ye et al . (2013) explore the potential of electrochromic devices to deliver on a 'perfect window' that optimizes near infrared light transmission. By varying the transmission of near-infrared light, an optimal window performs both the functions of the two common low-E types currently available in the marketplace. This would allow the retention of long wave radiation in winter and the refl ectance of intense short wavelength radiation in summer months.
Selection of environmentally friendly window materials
The attention paid to environmental criteria in building material selection and recognition that windows are a critical element in the life cycle impacts of a building has made it imperative that accurate and complete life cycle data be made available to inform window material selection. The LCA studies that have been completed on windows thus far, while agreeing on the general preference for certain materials in various applications, have also identifi ed that a systems approach is the only meaningful way to fully capture the environmental impacts of windows. Compounding these two issues is the fact that the windows industry is a very dynamic one, with advanced technologies such as triple glazing, electrochromic and mechanical shading systems, and sophisticated building simulation seeking to shift long-held conventions in window specifi cation and use.
Data for window LCA
All of the LCA studies that have been completed to date were conducted as one-off case studies. No common databases have been generated for the various components that make up a window. As a result, each window LCA has done little to build on the previous research, instead rebuilding LCI models for primary materials and processes based on either fi rsthand surveys or databases for common commodity materials. This is particularly troublesome in the case of windows when one recognizes the number of different materials and manufacturing steps that must take place to produce a fi nished window. For example, a single aluminum-clad wood window includes the following materials: wood, wood preservatives, wood glue, primer and paint, aluminum cladding and spacer bars, steel hardware and fasteners, desiccant, PIB sealant, caulk, polymer weatherstrip, low-E coated fl oat glass and argon (Salazar and Sowlati, 2008a ) . Additionally, the production of the window frame, hardware, glazing unit, and its fabrication may all take place at different facilities before the window is even delivered to a distributor and eventual building site. In many ways, the life cycle of a window is a microcosm of the life cycle of a building itself. It is no wonder, then, that in the LCA of a whole building, with products such as framing materials, insulation, roofi ng, and siding having uniform databases from which to pick and choose representative data sets, to complete an LCA of a building that includes windows, the data must be extrapolated and taken out of context.
The problem of non-uniform LCI data for windows is not an insurmountable one. Windows are fairly modular products with the glazing units, hardware, and frames being generally interchangeable. Developing an LCI database for windows should focus on these components and seek to encompass the variety of market alternatives. This way, the scope of necessary window LCA studies can be limited from the factorial number of potential window permutations to focus on a few key variations of the various components. The availability of a common window component database would make possible the simple addition of windows in whole building LCA by allowing the data users the ability to choose window attributes 'a la carte'. Any window component database should include all of the parts identifi ed in Section 21.2.1 and the most popular frame materials, glazing types, and operability identifi ed in Sections 21.2.2, 21.2.3, and 21.2.4. The LCI database must also apply a uniform treatment of recycling and carbon sequestration. The various stakeholders of the window database must determine the acceptable tolerance for uncertainty of future impacts and any discounting that may or may not be applied.
Considering embodied and use phase impacts
With the availability of databases for the various window components that facilitate whole building LCA, one may then begin to examine the performance of windows in a proper systems context. It is well understood that numerous factors infl uence the impact that a window has on the performance of a building and that these factors vary based on the placement of the windows in a building, the nature of the heating and cooling systems in place, and the location and orientation of the building itself. The potential number of LCA studies for windows is thus limitless, which is the case for all envelope materials that provide an insulation function, but is particularly the case for windows which are so sensitive to climate and whose impacts are infl uenced by far more than their insulation properties. These points aside, a structured use phase simulation may be designed that provides useful rules of thumb for window selection and may be used in green building rating systems that must be pragmatic to be implemented. Use phase energy is typically found by considering several representative climates, by redefi ning the functional unit of comparison to include a built structure with or without the windows installed in it, and by simulating the thermal load difference caused by the window. In North America, fulfi lling the fi rst criteria of building selection has been standardized by the North Eco-effi cient construction and building materials American Fenestration Standard (NAFS, 2008 ) with performance criteria for windows for fi ve classes of windows and describes their application as follows:
• R esidential: Commonly used in one-and two-family dwellings.
• L ight commercial: Commonly used in low-rise, multifamily dwellings, low-rise professional offi ces, libraries and low-rise motels.
• C ommercial: Commonly used in lighter use industrial buildings and factories, hotels and retail sales buildings. • A rchitectural: Commonly used in hospitals, schools, institutions and public buildings or high-rise buildings to meet increased loading requirements. Also commonly used in buildings where possible misuse of the fenestration product might be anticipated.
Case study buildings must fi rst be established for each of these representative building types that are based on typical or average construction practice. The location of these buildings must then be defi ned and represent the variation of climate conditions that the data are expected to represent. In North America, several cities have been identifi ed as representative of the various climates and are often used by other energy analysts when estimating energy use in buildings. The cities and the climate zone numbers are as follows:
• Miami, Florida: a hot and humid climate (Zone 1A)
• Phoenix, Arizona: a hot and dry climate with large daily temperature swings (Zone 2B) • Memphis, Tennessee: a mild climate (Zone 3A)
• Seattle, Washington: a cool climate (Zone 4C) • Denver, Colorado: a cold climate with large daily temperature swings (Zone 5B) • Minneapolis, Minnesota: a cold climate (Zone 6A) After the buildings have been defi ned for each of the fi ve classes, they should be modeled in each of the six cities with and without the windows to isolate their impacts. The thermal performance results may then be normalized based on the overall area of windows present. The integration of these data with the manufacturing impacts must carefully consider the time sensitivity of the results in terms of uncertainty and discounting.
Integration of advanced glazing technology
These LCA results that estimate embodied effects may be combined with energy simulations based on the representative building types and climate zones. The results may similarly be normalized to determine the per unit impacts of these advanced technologies.
Advanced window technologies provide the greatest potential for designers to optimize the performance of buildings in the future. As buildings and building components continue to become more effi cient, it is well understood that the law of diminishing returns begins to set in. This is clearly evident by the popularity of double-glazed windows, while those that are triple-and quadruple-glazed are quite rare. Advanced modeling would allow designers to most effi ciently allocate the window purchasing budget to apply the highest cost and embodied impact windows to the areas of the building where they are of most benefi t by accurately estimating the payback period in very specifi c applications.
The optimization may be further enhanced with the use of dynamic shading systems that will certainly become a key component in future 'smart buildings'. These systems may be pre-programmed to change the light and thermal properties of windows throughout the day based on seasonal patterns, or even to respond to conditions in real time. These applications could drastically change the performance and thus the overall life cycle impacts of windows and buildings as a whole.
One can easily imagine a scenario in which the selection of environmentally friendly windows means far more than selecting a frame material based on an anecdotal attribute such as its recyclability or renewability or a glazing unit based on its number of panes or coating. With the availability of modular material data, thermal performance estimates, and the capability to modify a window ' s properties on the fl y, windows are likely to become synonymous with sustainable building design and occupancy.
Current developments and future trends
Several initiatives are currently underway that are likely to drive window LCA research over the coming years. These include the development of two new window product category rules (PCRs) that will allow the standardization of window LCA for the purposes of environmental product declaration (EPD) development.
The Norwegian EPD Foundation ( http://www.epd-norge.no/ ) has recently completed a draft PCR for Windows and Doors that is the subject of public consultation. The Earthsure EPD Program ( http://iere.org/earthsure.aspx ) is currently developing a PCR for North American windows. These two documents, when complete, will be useful references for developing future window LCA studies.
Several trade associations represent European and North American window manufacturers and are useful sources for information as to current and future trends in the window industry. In Europe, the Federation of European Window and Curtain Walling Manufacturers' Associations ( http://www.faecf.org/ ) and in North America, the Window and Door
